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Hemolysis by  a  number  of  different lysins  (saponin,  the  bile  salts,  and 
certain alcohols among others) is preceded  by a  loss of K  from the human 
red cell (Ponder, 1947 a,  b,  c), and also,  in the case of at least some lysins 
(alcohols, bacterial toxins, saponin,  and  the bile salts among others)  by an 
increase in cell volume. 
Prolytic volume changes can conceivably occur in two ways.  Each cell of 
the system may start to swell as soon as, or shortly after, the reaction between 
its components and the lysin begins, and the swelling may continue up to the 
time at which the cell hemolyzes.  The swelling need not necessarily be the 
same in the ease of all cells, since different resistances to the lysin have to be 
taken into consideration, nor need the point corresponding to maximum swell- 
ing and lysis be the same for all cells, since there may be differences in critical 
volume; as regards the  cells of the system as  a  whole, however,  the mean 
volume V will increase as a continuous function of time from the initial mean 
volume V0 to the mean critical volume Vh.  A volume increase of this kind 
could be detected by measuring the volume concentration of the cells, using 
any suitable method, and by making suitable allowances for the amount of 
hemolysis present in the system. 
Alternatively, the volume increase may be a  sudden terminal event, occur- 
ring just before the cell hemolyzes.  In this case it would be detected only 
by the measurement of the volume of the individual red cell, and the mean 
volume of the intact cells of a hemolytic system would not increase with time.  1 
The first  of  these  two kinds  of volume change  affects the  mean volume 
of the intact red cells of a  hemolytic system the most, and the largest effects 
may be expected to occur in systems containing concentrations of lysin great 
enough to hemolyze not only the cells of least resistance, but cells of mean 
resistance and of even greater resistances.  The volume of the intact cells in 
1 Photographic measurements  of single red cells show that an increase in diameter 
precedes hemolysis in systems containing saponin and sodium taumcholate, but not in 
systems containing complement and amboceptor (Ponder, 1923).  The errors attached 
to the calculation of cell volume from photographic measurement are very large; the 
sequence of shape transformations, moreover, was not understood at the time when 
these measurements were made.  In consequence, the values for the critical volumes 
obtained in the investigation should have no reliance placed upon them. 
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such systems can be measured by the modification of the Hamburger  (or van 
Allen) hematocrit  method  introduced  by  Guest  and  Wing  (1939,  1942),  in 
which the volume of the intact ceils and the percentage of complete hemolysis 
are measured  simultaneously.  The measurement  of red cell volume by this 
method  takes from  15  to 30  minutes  (the  time  of spinning  in a  high  speed 
hematocrit),  and  so the method  can  be applied conveniently to  the  type of 
hemolytic system  in which  slow cation  losses are most easily demonstrated. 
The simultaneous measurement of volume changes and of K-Na exchanges has 
a  special interest in view of the hypotheses which have been advanced to ac- 
count  for  the volume  increases on  the basis of the  permeability to cations. 
Methods 
The cells of freshly drawn heparinized human blood are washed three times with 
172 m. eq./liter NaC1, and suspended in the same medium so as togive a suspension 
with a volume concentration of 0.4.  Two ml. of this suspension is added to each of a 
series of dry tubes, the contents of which are then cooled to 4°C.  Ten ml. of a known 
concentration of the hemolysin in 172 m. eq./liter NaC1, cooled to 4°C., is added to 
the cells in the first tube, 10 ml. of another concentration to the ceils in the second tube, 
and so on.  One's aim is to select concentrations of lysin ranging from those less than 
the concentration which gives just commencing hemolysis in 18 hours at 4°C. (or in 
some other time at some other temperature), up to a concentration which gives from 
50 to 80 per cent hemolysis at the end of the same time at the same temperature.  The 
concentrations which fall within this range have to be found by trial.  One tube con- 
taining 2 ml. of the cell suspension and 10 ml. of 172 m. eq./liter NaC1 is included in 
the series; this serves as the standard system which contains no lysin. 
The contents of the tubes are mixed and allowed to stand for 18 hours at 4°C., with 
occasional mixing by inversion.  At the end of this time, 2 ml. of the contents of each 
tube in the series is transferred to the cups of cooled Hamburger hematocrit tubes.  2 
These are spun for 30 minutes at 4000 x~.p.~r, in a centrifuge cooled to 4°C.  The clear 
and often Hb-stained fluids in the cups are transferred to a series of vials, and the Hb 
concentration  in  each  is  determined  colorimetrically.  Each  Hb  concentration  is 
expressed as a fraction of the concentration which corresponds to complete hemolysis 
in the system under consideration; call this fraction p. 
The length of the column of packed cells in each hematocrit tube is measured and 
corrected for any differences which may have been found in the bore of the capillary. 
Call this corrected length h, the particular length found for the system containing no 
lysin being denoted by h0. 
The tubes containing the series of hemolytic systems (from each of which 2 ml. has 
already been transferred to  the cups of the hematocrit tubes) are centrifuged at a 
moderate speed in the cold centrifuge; the supernatant fluids are transferred to a series 
These  tubes are constructed  so  that  the volume of  the  cup  at the upper end 
(2 to 3 ml.) is about i0 times the volume of the capillary, which is about 80 ram. long 
and about 2 mm. in bore.  It is sealed at the  lower end.  These  tubes, with  any 
specified cup/capillary ratio, are made by E. Machlett and Sons, New York, N. Y. ~atc  1,Om)ER  327 
of vials, and  the K  content of each is found with  the Perkin-Elmer  photometer. 
Each K content, which is equivalent to a  K loss from the cells, is expressed as Kp, the 
fraction of the total K content of the red cells of the system under consideration.  The 
loss which occurs in the standard system of the series, i.e. in the system which contains 
no lysin, is denoted by K,. 
Since the fraction of the cells which have hemolyzed in the system is p, the fraction 
remaining intact is (1  -  p).  These intact eelh have a total volume proportional to h, 
so the volume per cell is V  =/,/(1  -  p).  The volume per cell in the standard system 
containing no lysin is Vo, proportional to h0, so the fractional increase in volume 
which the average cell undergoes in the hemolytic system is 
v/vo = h/ho(1 -  t,)  (1) 
The loss of K from the cells is Kp, expressed as a fraction of Ko, the initial content 
of the cells.  The loss of K  which can be attributed to the action of the lysin, how- 
TABLE I 
Hemolysis, K Losses, and Volume Changes in Systems Containing Resordnol, 
All after 18 Hours at 4°C. 
M 
0 
0.~2 
0.~ 
0.~ 
0.~6 
0.112 
I  p  V/V,  K,  K~ 
0.0  34.0  1.00  /  0.07  I  -- 
0.0  36.0  1.06  --  0.19 
0.0  38.0  1.11  --  0.36 
0.01  39.4  1.16  I  --  I  0.69 
o.06   5.5  1.63  I  -  I  °-s3 
0.44  I  66.0  t  1.93  /  -  I  0.9o 
K~--K,-- p  F 
0.12  0.12 
0.29  0.29 
0.61  0.62 
0.70  0.74 
0.39  0.70 
ever, is K~ -  K,, where K, is the small loss which occurs in a standard system con- 
taining isotonic NaC1 only.  In a system containing lysin, some of the loss of K  may 
be due to a  fraction p  of the cells having hemolyzed and lost all of their K, so the 
remainder (Kp -  K, -  p), represents the loss of K, attributable to the action of the 
lysin, from the cells which remain intact.  The fraction of its initial K  which the 
average intact cell loses is accordingly  ~ 
F  =  (K, -- K, -- p)/(1 -- p)  (2) 
Rdaion  of the  Volume  Changes, the K  Losses,  and  the Course of Hemolysis 
Typical results obtained  with resorcinol, sodium taurocholate, and saponin 
in systems containing human  red  cells, after 18 hours  at 4°C.,  are shown  in 
On the alternative hypothesis that some of the cells lose all of their K, insteadof 
all of the cells  losing some of their K, F represents the fraction of the intact cells which 
have become completely permeable to K  and have exchanged this ion for the Na of 
the surrounding medium.  It should be borne in mind that no way has been devised 
up to the present time, of showing that the one alternative is altogether right and the 
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Tables I, II, and III and in Figs. 1,  2,  and 3.  The dotted curves marked  p 
show the course of hemolysis; they begin at a  value of c on the abscissa f or 
which  the fraction  of complete hemolysis, p,  is zero.  The  curves shown  in 
heavy  line  represent  the  mean  volume  V,  expressed  with  reference  to  the 
initial mean volume V0, which the intact red cells attain in systems containing 
various amounts  of lysin and  at  the  end of  18  hours  at  4°C.  In  order  to 
render them familiar, these curves may be compared with the curve obtained 
TABLE II 
Hemolysis, K  Losses, and Volume Changes in Systems Containing Sodium 
Taurocholate,  All after 18 Hours at 4"C. 
val./lO  mL 
0 
2 
4 
6 
8 
10 
h 
32 
33 
36 
38 
35 
26 
0.0 
0.0 
0.0 
0.03 
0.11 
0.32 
32.0 
33.0 
36.0 
39.2 
39.2 
3.8.3 
I 
v/v,  KI 
0.06 
K~ 
0.07 
0.10 
0.18 
O.37 
0.63 
Kp-K,  -  p  F 
0.01  0.01 
0.04  0.04 
0.07  0.07 
0.20  0.22 
0.24  0.35 
TABLE III 
Hemolysis, K  Losses, and Volume Changes in Systems Containing  Saponln, 
All after 18 Hours at 4°C. 
v/10 mr. 
0 
50 
100 
150 
h 
35 
30 
22 
7 
h 
P  I -  p'  V/Ve 
0.0  35.0  1.00 
0.17  36.2  1.04 
0.45  40.0  1.14 
0.82  8.6  1.10 
--  0.30 
0.68 
0.95 
[ 
K~ -- K,  -- p  [  F 
t 
0.06  F  0.07 
0.16  0.29 
0.06  0.33 
by plotting  the  volume  which  the  intact  red  cell attains  at  equilibrium  in 
media of decreasing tonicity (insets of Fig. 2). 
Each point on such a curve represents a volume V, expressed in terms of the initial 
volume Vo, which the cell attains as the result of the intake of water at a rate 
dV/dt  = f. (T~ -- T)  (3) 
i.e., at a  rate which is a  function of the difference between the tonicity in the cell 
interior and that in the external medium.  When T1  =  T,  dV/dt  =  O, there is no 
further volume increase, and ff the volume of the external medium of tonicity T  is 
very large, the volume attained by the cell is 
V/Vo=  RW.( 1-  1) -]-1  (4) v.~c  POND~-g  329 
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FIG. 1. Hemolysis, K losses, and volume changes in systems containing resorcinol~ 
all after 18 hours at 4°C.  Ordinates, volumes V/Vo of intact cells in terms of their 
initial volume, fractions of complete hemolysis (p), and fractions of initial K lost by 
average intact cell (F).  Abscissa,  concentration of lysin. 
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FzG. 2.  Same as Fig.  1, but for the lysin sodium taurocholate  at pH 6.5.  Inset: 
corresponding curves for a system in which hemolysis is due to hypotonicity.  Ordi- 
nates as before; abscissae, tonicity in grams of NaCI per 100 ml.  For explanation of 
a and b, see text. 
where RW is the fraction of the cell water which is capable of taking part normally in 
the osmotic process.  Strictly speaking, the equilibrium volume is reached only after 
infinite time, but as a matter of observation it is reached in less than a minute (Ponder 
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derived on the assumption that the cell is impermeable to cations, osmotic equilibrium 
being reached by water exchange alone. 
If V/Vo exceeds a certain volume known as the critical volume, the cell hemolyzes. 
In simple osmotic systems containing hypotonic plasma  and human red cells,  the 
critical  volume has  a  value of about  1.6  Vo.  This  is  accordingly the  maximum 
swelling which the intact cells  of such an osmotic system can undergo, and in  the 
simplest case a further decrease in T results in each ceil reaching the critical volume 
but in there being progressively fewer intact cells and more hemolysis (dotted curves 
in the insets of Fig. 2) until  lysis is complete.  The intact  cells which remain  after 
hemolysis begins,  however,  do not  necessarily  reach  the  same maximum  value  of 
V/Vo, for as the tonicity is made progressively smaller, the critical volume for hemoly- 
sis~Jnay become smaller also.  This results in the values for V[Vo reaching a maximum 
1.9 0.~  /'@'P 
].80~  / 
.1.7.  0.7 
1.8  0£  /  / 
1.5  0.5  /  / 
J.4  ~4  / 
,.,.  o., /,"~~V/Yo 
1.1  o.1 
1.0  0.0  ~  '  '  i  5O  mO  I~0  -~00  Y/~o~io 
FIG. 3.  Same as Fig. 1, but for the lysin saponin at pH 6.5 
and then decreasing (inset b of Fig. 2).  The decrease cannot continue very far, for a 
tonicity is soon reached at which even the most resistant cell hemolyzes. 
The curves shown in Figs.  1, 2, and 3 are similar to the curves of the insets 
of Fig. 2 in the way in which they are constructed.  4  They rise, at first convex 
to the abscissa, to reach a plateau beyond which there is no further swelling of 
4 In each case the volumes plotted on the ordinates are those obtained after long 
times in media which produce increasing amounts of hemolysis as the values on the 
abscissae increase.  The difference between the two situations is that there is every 
reason, both experimental and theoretical, to suppose that equilibrium is reached in 
the case of hemolysis by hypotonic media, whereas in the case of hemolysis by a lysin 
the volumes are probably increasing very slowly even after times as long as 18 hours. 
If they could be shown to be stationary, the "dual hypothesis" for hemolysis would be 
untenable unless it could be supposed that the cell membrane had become impermeable 
to cations. ~.atc  i,o~'v~.R  331 
intact  cells,  but only increasing  hemolysis (dotted curves)  as the concentra- 
tion  of lysin is increased.  This plateau is maintained over a variable range of 
lysin concentration, but when the concentration is increased still further, the 
values of V/Vo tend to fall again; i.e., there is an indication that the critical 
volume is a function of the lysin concentration. 
The curves of Figs. 1, 2, and 3 differ from one another, however, with respect 
to the maximum value of V/Vo reached; in systems containing resorcinol (0.112 
~a), V/Vo is 1.93,  in systems containing sodium taurocholate (6 rag./10 ml..or 
about 10  "-s ~), V/Vo is about 1.23, and in systems containing saponin (1007/10 
ml. or about 10  -5 M), V/Vo is about 1.14. 
While the curves marked V/Vo in Figs. 1, 2, and 3 show the volumes occupied 
by the cells of the systems at the end of 18 hours at 4°C., the curves marked F 
show the fraction of their initial K  lost by the intact cells at the end of the 
same time at the same temperature.  These sigmoid curves rise from zero for 
TABLE IV 
Volume Attained and Fraction of Inil~ K Lost by Cells in Concentrat~ 
of Lys~ns Barely Sufwient to Initiale Hemolysis 
Resorcinol ......................... 
Taurocholate ....................... 
Saponin ........................... 
ae  V/V, 
0.056  ~  0.13  0.50 
5.0  mg./lO  m].  0.18  0.05 
12.0  "y./lO mL  0.01  0.01 
a  system containing no lysin to a  maximum value (35  to 75 per cent of the 
available K  per ceil) in systems in which there is from 40 to 80 per cent hemol- 
ysis.  The observation that the maximum values of F  are so far short  of the 
total K  available shows that some of the cell K  is retained in each of the few 
remaining  intact  ceils,  even when  there  is  sufficient  lysin present  to  bring 
about extensive hemolysis,  s 
It may be helpful to look at the curves in Figs. I, 2, and 3 in the following way. 
When just commencing hemolysis is produced after as long a time as 18 hours in a 
system containing lysin in concentration c, c is substantially the asymptotic concen- 
tration for a  time-dilution curve with just commencing hemolysis as its end-point. 
In this concentration, a number of the molecules of the cell structure exist combined 
with a number of lysin molecules proportional to c; call this number a0 to indicate 
that it is great enough to result in the breakdown of the structure of the least resistant 
cell (p ==  >  0 but <  0.01).  The values of c corresponding  to a0 can be read off from 
the curves which show how p varies with c (dotted in the figures), and the values of 
V/Vo and of F  can be read off from their respective curves.  In this way we get a 
s The same kind of result is obtained by applying the same analysis to the curves of 
Fig. 3 in the paper referred to as Ponder, 1947 a. 332  VOLUME CHANGES IN HEMOLYTIC SYSTEMS 
correspondence  between a0, a  measure of the extent to which  the structural com- 
ponents of the cell are combined with the lysin, and V/Vo, the volume which such 
cells can attain without hemolyzing: we also get a correspondence  between v/go and 
F, the fraction of their initial K lost by the cells when lysis is just commencing.  A 
set of typical results are tabulated in this way in Table IV.  Similar  tabulations can 
be made for other values of p, up to the maximum values for which results are shown 
in the figures. 
DISCUSSION 
The relation between the curves for the progress of the hemolytic reaction 
and those for the progressive loss  of K  from the intact  cells  is similar  to that 
found in previous investigations (Ponder, 1947 a, b, c).  The volume changes 
alone require  discussion. 
Since V/Vo  and F are  functions of  c, the concentration of  lysin  in  the system, 
it  is  possible  to think of V/Vo  as a function of F, and as related  to it  as effect 
is to cause.  This is what has been attempted in the "dual mechanism  for 
hemolysis" hypothesis  (Davson,  1936, Davson  and Danielli, 1938, Davson 
and Ponder, 1938, 1940), and in the "colloid osmotic hemolysis" hypothesis 
(Wilbrandt, 1941),  the basis  of  which is  that the colloid  osmotic pressure of  the 
material in the red cell  interior  is  greater  than that in the surrounding medium, 
that the absence of  an osmotic pressure  difference  is  due to the non-diffusibility 
of cations,  and that the swelling  of the red cell  in systems containing lysin  is 
the result  of the cell  membrane having become permeable to K  and Na: this 
would terminate a previously existing  osmotic equilibrium, and water would 
move into the cell. The essential  features of the dual hypothesis and of the 
colloid  osmotic hemolysis hypothesis have been retained  in  Jacobs and S  tewart's 
(1947) general treatment of the volume changes resulting  from disturbances of 
ionic equilibrium. 
As they now stand, these hypotheses are incomplete in two respects.  They 
say nothing about the conditions under which an osmotic phenomenon, char- 
acterized by an entrance of water and an increase in red cell volume, becomes a 
hemolytic phenomenon, and they tell us nothing about the rate at which the 
volume changes may be expected to occur.  When  the hypotheses were first 
put forward, it was tacitly assumed that the increase in cell volume is limited 
by the critical volume to which the cell can swell in a hypotonic solution; i.e., 
that  in  the case of the human red cell, the critical volume would  always be 
about 1.6 V0.  This does not seem to be so, for Fh is determined by the nature 
of the lysin in the system, and probably by the lysin concentration also.  The 
fundamental process is accordingly one which  determines  two  things at  the 
same t/me, (a) the fact that swelling shall occur, and (b) the volume at which 
the swelling results in a  breakdown of the cell.  More specifically as regards 
(b), the number of lysin molecules combined with cell molecules must be able ERIC PO~DER  3~3 
to determine that Vh is sometimes large and sometimes small.  Let us consider 
these two effects separately. 
(a) In the model upon the behavior of which the dual hypothesis is based, 
a permeability to cations, produced by the action of the lysin on the cell mem- 
brane, would be followed by a swelling of the cell; under the conditions speci- 
fied, however, all that we know about the course of this swelling is that it would 
be infinitely great in infinite time.  Given a slow exchange of K for Na, across 
a membrane permeable to water and in an isotonic system, it can be shown that 
the rate of the passage of water depends, to a first approximation, on the rate 
of increase in the concentration of ions in the cell interior.  This again depends 
on the rate of entry of Na and the rate of exit of K, both of which are functions 
of the driving forces to which these ions are subject and of their mobilities in the 
membrane.  The situation under consideration is such that, in the long run, 
the cell volume will increase  indefinitely, but the initial state can proceed to 
the final state along so many paths, involving so many variables, that the dual 
hypothesis cannot even be stated satisfactorily, much less verified?  Our obser- 
vations of volume give values which are attained in finite time, and there is no 
satisfactory theory with which to compare them; in the meantime, however, 
it may be noticed that in some systems (e.g.,  0.064 ~  resorcinol) the K  loss 
is very large (F =  0.6) while the volume change is quite small (0.16), and that, 
in  systems in which  there is no hemolysis, the volume increases are  by no 
means equal for equal K losses produced by different lysins.  If these observa- 
tions do not constitute fatal objections to the dual hypothesis, it is because the 
hypothesis leaves open so many possibilities as to the behavior of the volume 
of the red cell in finite times. 
(b)  While a  state of cation permeability no doubt results from an effect of 
the lysin on the cell membrane, and while this would be followed by swelling 
in the model to which the dual hypothesis refers, there must be a set of super- 
added conditions which are responsible for the critical volume being large in 
some systems and small in others.  Presumably the reaction of the lysin with 
the structural components of the cell is again involved, the effect being to 
decrease the stability of the latter so that various degrees of swelling, small 
in the case of some lysins and large in the case of others, cause it to break down 
s Another way of stating the difficulty is to call attention to the equation for the 
volume V attained at equilibrium, on the "dual hypothesis" (i.e., the equation corre- 
sponding to expression (4)), having V  --  co while at the same time there is no theo- 
retical counterpart to expression (3) in the case of a cell which is exchanging K for Na 
in an isotonic system.  The problem of the ways in which a final state can be reached 
from an initial state has complexities which have been discussed by Schreinemakers 
(1938).  One can, of course, make a variety of simple assumptions and justify them 
because they appear reasonable, but this is substituting a qualitative description for 
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altogether.  There is no objection to thinking of this weakening of the cohesion 
of the elements of the red cell structure as the result of the same fundamental 
process as that which brings about the swelling,  ~ i.e. the reaction between lysin 
molecules and molecules of the cell structure, but it should be noted that even 
if the conditions upon which the swelling depends were adequately described, 
the additional conditions which regulate the upper limit of the swelling would 
require to be specified also. 
sww~y 
Simultaneous  measurement  of hemolysis, the  volume of the  intact  cells, 
and the K  lost from the intact cells of systems containing resorcinol, sodium 
taurocholate, and saponin shows that the volume increases may be conspicu- 
ously small while the K  losses ate large, and that the volume increases are un- 
equal for equal K losses produced by different lysins.  In higher concentrations 
of the same lysins, the critical volume for hemolysis is a function of the nature 
of the lysin and of its concentration. 
It is impossible to say whether these observations are compatible with the 
current "dual mechanism" and "colloid osmotic" hypotheses of hemolysis, in 
which the swelling of the cell is supposed to result from the lysin having made 
it eation-permeable.  The difficulty to be overcome is that the theory cannot 
be developed to describe volume changes in finite time unless we know what 
assumptions to make about the mobilities of K and Na, the forces driving them 
into and out of the cell, etc.  The experimental results do not suggest, how- 
ever, that any simple set of assumptions would be satisfactory. 
The conditions which regulate the upper limit of the swelling, i.e.  the point 
at which a swelling phenomenon becomes a hemolytic phenomenon, are func- 
tions of the nature of the lysin and sometimes of its concentration.  They re- 
quire to be specified by an independent statement, over and above any state- 
ment which may be made about the rate at which swelling occurs in the system. 
The simplest view of the situation is that the conditions which regulate the 
critical volume and those which regulate the rate of swelling are both functions, 
as yet undefined, of the reaction which takes place between the lysin and the 
structural components of the red cell. 
7 The dual hypothesis,  with its explanation of swdling as resulting from the cell's 
becoming  cation-permeable,  is not the only possible  hypothesis by which  swelling 
could be accounted for.  It is at least conceivable that the breakdown of the cell in- 
volves  an increase in the osmotic pressure of the materials in the cell interior because of 
a decrease in their molecular association.  This would provide a force which would 
transfer water and produce swelling; if structural restraints were present, the swelling 
might even be a limited one at equilibrium.  This possibility is mentioned in order to 
show that there are models to be considered other than the model upon which the 
dual hypothesis is based. ERIC PONDER 
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